Introduction
Smart materials are materials that sense and respond to some change in their environment in a controlled and reproducible manner (1) (2) (3) . Such changes in a material's physical environment could manifest in the form of altered temperature (4) (5) (6) (7) (8) (9) (10) , electrical field, pressure, sound (11) , and illumination (12) . Alternatively, chemical stimuli like changes in pH or the presence of some predetermined concentration of a hazardous material can represent an environmental change to which a polymer might respond [(13-17) ; B Jorgenson, unpublished data]. The current literature reveals a wide variety of inorganic materials that demonstrate intelligent behavior. These materials include alloys, ceramics, and composites used in actuator and shape memory applications or in the design of micromachines (18, 19) . There are also a significant number of publications on the design of polymeric and biopolymeric smart materials for use in areas such as catalysis (6, 10) , sensors (14, 15) , decontamination (16, 17) , drug delivery (20) , prosthetics (21) , synthetic muscles (22) , and other biomimetic processes.
Many if not most of the applications of polymeric smart materials can be considered environmentally important. Applications of smart materials involving catalysis chemistry, sensor chemistry, and chemistry relevant to decontamination methodology are especially relevant to environmental problems. Catalysis applications are important because of the environmental concerns associated with the production of chemical and hazardous wastes. Sensor chemistry and/or decontamination chemistry are important because of past misuse of toxic materials. Neglect, carelessness, or ignorance have led to the contamination of entire facilities, soil, groundwater, and the atmosphere by carcinogenic solvents, toxic pesticides, and hazardous nuclear materials.
New approaches for detecting, preventing, and remedying environmental damage are important to environmental health. Procedures must be developed and implemented to reduce the amount of waste produced in chemical processes, to detect the presence and/or concentration of contaminants, and to decontaminate fouled environments. Here we present a peripatetic review of some of the contributions polymeric smart materials are making toward the realization of such procedures emphasizing work done in our laboratories.
Soluble Polymer-bound Catalysts and Substrates
Catalysis is a very important aspect of many industrial and laboratory processes. Two strategic approaches to catalysis are normally used. One sort of catalysis is heterogeneous catalysis. In this sort of catalysis, a solid catalyst (e.g., a zeolite or a metal) is used with a gaseous or liquid substrate. Such catalysts are often very practical industrially. They are readily used in high throughput processes and, as a consequence of their structure, facilitate catalyst/product separation. A second general strategy for using catalysts is homogeneous catalysis, which became increasingly popular in the 1950s and 1960s. In this case, the catalyst and substrate are both in solution. Such catalysts have become increasingly important in industrial processes because of their exquisite chemio-, regio-and stereoselectivity that complements that of enzymes. However, while homogeneous catalysts are now widely used, applications of these catalysts face the problem of catalyst (or catalyst-ligand) recovery and separation from products. Such recovery can require additional separation and purification procedures such as extraction and chromatography that can significantly increase the waste output of the process. In large industrial processes this can translate into tremendous amounts of chemical waste that could be avoided if better methods were developed and implemented for catalyst recovery. Furthermore, conventional methods do not always lead to the recovery of an active catalyst or catalyst-ligand complex. This leads to the need for additional procedures to regenerate and reuse these valuable materials.
These problems were part of the impetus for the development of polymer-bound catalysts and reagents in the 1960s. Such polymeric supports were designed to provide improved methods for catalyst and/or reagent recovery without the additional waste production inherent in conventional processes. Initial developments in the area of polymer-bound catalysts and reagents involved the use of insoluble cross-linked polymers as supports for catalysts and reagents (23) (24) (25) (26) (27) (29) .
Conventional polymeric reagents are cross-linked and, hence, always insoluble. Linear polymers are soluble alternatives to these cross-linked polymers. These linear polymers also can be used as reagents and/or catalyst supports. In many of these cases, membrane filtration or the addition of a second solvent that is a poor solvent for the linear soluble polymer can usefully recover the polymer (30) .
In the late 1980s a second alternative to insoluble polymer-bound reagents and catalysts was introduced by Bergbreiter et al. (5, 6, 10, 29, 31, 32) Figure 2 (29, (31) (32) (33) .
Much of the chemistry involved in the design and use of soluble polymer-bound catalysts possessing normal temperaturedependent solubility has already been reviewed (29 (36) , the control of enzymatic reactions (37) , the controlled delivery of biomolecules (38) , and in glazings for solar energy devices (39) . We extended the utility of polymers demonstrating inverse temperature-dependent solubility to the development of ligands for use in the synthesis of smart catalysts-catalysts that demonstrate anti-Arrhenius reactivity or smart behavior (6, 10 The smart behavior of these catalysts was demonstrated via the study of aqueous hydrogenations catalyzed by the cationic rhodium complex 3 (10) . In these reactions, the initial mixture was homogeneous at low temperature and heterogeneous at high temperature. This inverse temperature-dependent solubility and the redissolution of the catalyst at low temperature is illustrated schematically in Figure 3 . on hydrogenation rates are illustrated in Figure 4 . Figure 4 shows Figure 4 , the hydrogenation proceeded at 0°C with a turnover of 13 mol of H2/mol of Rh/hr. When the temperature was raised to 25°C, the catalyst phase separated and the reaction ceased to take up H2. Hydrogen uptake resumed after recooling the reaction to 0°C.
More recently, we have extended and expanded the concept of smart polymer supports to include thermoresponsive polymer-bound substrates (5) . Substrates were attached to the polymer rather than the catalyst. In subsequent studies, we were able to show how a soluble polymer with an LCST can affect a bound substrate's reactivity (40) .
Two sorts of polymer-bound smart substrates have been studied to date. The first was 7. This nitroarene was attached to the ends of the aforementioned PEO-PPO-PEO triblock polymer via an ether bond.
The resulting polymer phase separated from an aqueous solution when heated and had reactivity toward heterogeneous catalysts that generally decreased above the polymer's LCST point. However, experiments shown in Figure 5 have on/off behavior for this allyl alcohol hydrogenation that is not as clean as was seen in the hydrogenation data described in Figure 4 . We ascribed this to the character of the polymer support and we were thus moved to study reactions that would use other inverse temperature-dependent polymers as supports.
These subsequent studies focused on chemistry using poly(N-isopropylacrylamide) (PNIPAM)-bound substrates. These polymers can be used to prepare a variety of water-soluble substrates that separate from solution simply by heating above the LCST (-300C). Such polymer-bound substrates not only undergo useful temperature-dependent changes in solubility and reactivity, they are also readily separable from other soluble catalysts and reagents via heating and subsequent decantation. The thermoresponsive phase separation of PNIPAM in aqueous solutions was first reported to occur at an LCST of 31 to 320C by Heskins and Guillet (41 Detailed studies of the effects of temperature on the hydrogenation of a PNIPAM-bound nitroarene 8 have been reported (40) . These results, illustrated in Figure 5 , show that the hydrogenation of this polymeric substrate occurs in water at a rate like that of a similar propionamide derivative of m-nitroaniline when the reactions are carried out at 0°C (soluble polymer-bound substrate). As shown in Figure  6 , the activity of this substrate suddenly changed with temperature between 33 and 39°C. This behavior was in contrast to the temperature-dependent reactivity of this same polymer in ethanol solution where normal Arrhenius behavior is seen.
The use of temperature-responsive polymers in the development of smart polymer-bound catalysts and substrates provides two advantages over conventional synthetic methodologies. First, they provide a means for easy separation and recovery of polymer-bound catalysts, substrates, or reagents without the need for additional chemical procedures and the waste generated from such. Second, they are capable of controlling the temperature of a reaction. If the reaction temperature warms above the LCST of the polymer support, the catalyst or substrate phase separates and the reaction slows. As the reaction slows, the reaction temperature decreases until the polymerbound catalyst or substrate redissolves and continues to react. Such materials could be useful in reactions that are strongly exothermic and difficult to control.
Future applications of polymers in catalysis are likely to increase for several reasons and these developments are likely to have an effect on environmental problems. First, there have been major advances in areas like combinatorial synthesis (42, 43) . This has led to the development of highthroughput catalyst screens that may prove useful if the small-scale reactions can be generalized to preparative scale chemistry (44) . It is anticipated that many groups will develop approaches to combinatorial development and assay of catalysts once creative approaches to multiplexed screening assays are developed. Such chemistry could dramatically shorten the time required to develop and optimize a selective catalyst and the resulting catalysts would be environmentally significant in that the processes they catalyze could be designed to be more energy-and atomefficient. We believe there is also considerable potential in the development of polymers with temperature-responsive solubility. We have already shown how such polymers can serve as reagent supports (5) and ligands for smart catalysts (6, 10 (45) . PNIPAM-grafted polystyrene has also been studied as a chromatographic support by Hosoya et al. (46) . In both cases, a thermally responsive polymer's responsiveness has been translated into an interfacial application. We are confident that similar chemistry will be forthcoming that extends and expands on this sort of idea. Such chemistry could be important in areas as diverse as bioadhesion, marine fouling, and in coating chemistry-areas that have significant environmental implications.
Polymeric Smart Coatings and Sensors
A third broad area of interest in environmental chemistry is the remediation of nuclear waste-and chemical-contaminated structures, equipment, groundwater, and soil. Two important considerations when developing effective cleanup procedures are contaminant detection and removal. We have recently developed a new approach involving polymeric materials that act as responsive sensors. This approach was developed in a joint effort by Gray and Jorgensen at Los Alamos and is based on the design and use of water-based smart polymeric coatings for the decontamination of contaminated surfaces (16, 17) . These coatings consist of strippable polymeric compositions containing blends of polymers, copolymers, and additives that can be brushed or sprayed onto a surface as a solution or dispersed in aqueous media. Upon curing or drying, these coatings form strong films that can be easily peeled or stripped from the surface. When applied to a contaminated surface, these coatings display responsive behavior. Areas of contamination are indicated by a color change. As the coatings dry, the contaminant(s) is drawn into and fixed in the polymer matrix. Subsequent removal of the coating with entrapped contaminants results in some degree of surface decontamination ( Figure  7 ). Gray and Jorgensen reported the development of smart coatings effective in the decontamination of several sorts of surfaces (16, 17) . Included in this list are uranium-, plutonium-, and lead-contaminated surfaces. In all cases the coatings contain blends of polymers and copolymers in a water base. Additional additives include plasticizers, chelating agents, and indicators.
A typical example of the smart coatings developed is SensorCoat VI, developed for the detection and removal of Environmental Health Perspectives * Vol 105, Supplement * February 1997 (Figure 8 ) consisted of a blend of a low viscosity, partially hydrolyzed poly(vinyl alcohol) (12 wt%) and poly(vinyl pyrrolidone) (7 wt%) in water. The coating also contained a plasticizer (glycerin, 4 wt%), a chelating masking agent (0.5 wt%), and a colorimetric indicator [2-(5-bromo-2-pyridylazo)-5,5-diethylaminophenol, 3 x 10-3 wt%]. The coating exhibited color changes for each contaminant (orange to purple for uranium and orange to red for plutonium) and was extremely effective at removing varying levels of both contaminants from surfaces.
To measure the effectiveness of the smart coatings, a variety of uranium-and plutonium-contaminated coupons (a small metal vise about 4" in diameter) were decontaminated. The coupons were weighed before and after contamination. Each contaminated coupon was analyzed via a-scintillation counting, then treated with the sensing strippable coating. All coatings were allowed to dry for at least 24 DF =al a2 [5] Gray and Jorgensen studied the ability of the sensor coating to decontaminate several different types of surfaces contaminated with varying amounts of uranium and plutonium (16, 17) . The results are shown in Table 1 for uranium and Table 2 for plutonium.
The decontamination factors obtained for uranium were very high on all the surfaces and decreased as the amount of contaminant on the surface increased. This is probably due to a conflict between the time required for the larger amounts of contaminant to permeate into the polymer and the drying time of the coatings.
To determine the effectiveness of Gray and Jorgensen's smart coating relative to that of commercially available strippable coatings in uranium decontamination, a popular commercial strippable coating was carried through the same decontamination procedure described in Equation 5 . (Table 2) ; however, it was still much more efficient than commercially available strippable coatings. Two commercially available strippable coatings, ALARA DECON 1 14B (Carboline Co., Bartlett Nuclear, Inc., Plymouth, MA) and StripCoat TLC (Imperial, Division of Carboline Co., New Orleans, LA) were tested for their abilities to decontaminate plutonium-contaminated stainless steel coupons using the identical procedure as for our sensor coating ( Figure 9 ). The results for these coatings are shown as the last two entries in Table 2 . A comparison of the decontamination effectiveness for the sensor coating, ALARA DECON, and Stripcoat TLC is shown graphically in Figure 5 . repackaging of the contaminated gloveboxes in a special 50' x 30' x 15' multicompartment stainless steel structure. The interior of this structure is so radioactively contaminated that workers seldom enter. When they do enter, it is for very short periods of time (< 5 min) and they must wear layers of protective clothing and breathe through a self-contained breathing apparatus. Several 2' x 2' areas inside the facility were treated with the smart coating developed by Gray and Jorgensen. As the coatings began to dry, color changes were observed, indicating the areas of higher contamination. The coatings were removed the following day. Swipes of the surfaces were taken before and after treatment and were used to determine decontamination factors for the three treated areas. The average decontamination factor for the three decontaminated areas was 179. This value is very high, considering the extreme levels of surface contamination present within the WCRRF.
A smart coating was also developed for the detection and removal of lead contamination (17 
